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1.0 INTRODUCTION

During the Directional Control on the Runway (DCOR) simulation study
conducted at McDonnell Aircraft Company in November 1974 and again in March
1976, the F-4 and DC-9 landing gear reactions were determined ffom an all
digital subroutine LNDGR. The purpose of this subroutine was to calcﬁlate
the gear reaction forces and moments imparted to the aircraft. These forces
and moments were then used in conjunction with aerodynamic, pfopulsion and
inertial forces and moments to determine the resulting dynamic motion of the
aircraft. »

The subject here ié the development of the relations and integral
equations that were programmed in this subroutine, Figure 1-1 is a diagram of
the interrelations between the different aspects considered in the math
model. Figures 1-2 through 1-6 depict detailed breakouts of the blocks
outlined in Figure 1-1. These detailed blocks list the equation nuﬁbers,
figure numbers and data source for the equations programmed in the LNDGR sub-
routine., The equation and figure numbers refer to expressions developed in
subsequent sections of this report.

The charts of Figures 1-1 through 1-6 are intended to be sufficient for
constructing a computer subroutine equivalent to the LNDGR routine developed
at MCAIR, with reference to the body of the report for definitions and
development. Due to the large number of operations that must be repeated for
each landing gear system (nose, left main, right main), a subscript notation
has been adopted in the report. The subscript j is used to indicate that the
equations or terms must be considered as applying to all three gears. This
permits the development of the relations in general terms without the necessi;
ty of repeating each expression three times. As an example, the term FjS used
in equation (3.5-6) represents the force in the nose strut or the force in the
left main gear strut or the force in the right main gear strut as the j is
replaced by N(Fyg), L(FLs) or R(FRS) respectively. These terms are shown_in
Figure 1-3.

One further subscript notation has been used to simplify the expressions
in the report. The subscript i is used to distinguish between the nose gear
system and the main gear system for terms whose values for the left and right
main gears are always the same. The i is replaced by N to indicate the nose

gear, and by M to indicate the main gear. These terms are normally fixed

MCDONNELL DOUGLAS CORPORATION
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data terms such as the linear damping coefficients for the nose gear Cpy

or for the main gear Cpy.

MCDONNELL DOUGLAS CORPORATION
2



NOILVHOASHMOD SV ITDINOCA TTIANNOAINW

A
Altitude (h) v.0,¢ —! I
{ i o £
Aircraft | Altitude of Height of 5 ' Normal Force |r— . F -—i
1o | Each Wheel || wheel Hub Tire T e at Each Wheel N F cG !
Whee! P “Above [ Deflections Relations | T Fricti 1
iction .
Altitude Wheel | | i Forces Aircraft l
Equations
| - | at Each _ of {
" N 4.8 . _ Wheel McGl  Motion |
Bump Crown | r 1 I <
P v [ I
Runway Runway i | Strut Aircraft [ |
Roughness (& #| Crown Dynamics Geometry T R
Lo I Radii to Par I
N
—————————————————————— 4 b : Each Wheel —lr
‘c’ ‘0’ ] |
_____ 7T Location | T} - T T = ==
| of Each |
. Wheel on
Al ft -
nrtcora ! Runway I | Runway Friction Hg Hg Velocities (V) 1
Runway ! | 7| Conditions Models }
Geometry | i {
/'y J | |
- 4 ——4 I
| Anti- Skid
| Skid < ${ Angles |
| L] L] [
| Brake Nose Gear |
Madel Steering |
v J . |
' Toe Brake T VW T Rudder Pedal
| Deflection Deflection Velacities at ]
I Each Wheel [
i
Latitude e -
Longitude
GPIT ts6a2
FIGURE 1-1

LANDING GEAR MATH MODEL SYSTEM DIAGRAM -

ANVANWNOD AAVHMOMIYV TTIINNOAIN

9T8%V DA



NOILVHOASHO D SV TINOA TTINNOAIN

From
AlC
EOM

From
Block

From
Data

From
Block

From Block 'B°

Xarw Yaw Zaw Xw Yiw Zw Xnw Ynw Znw

V4

‘4

{

FNTs JFLTs [FaTs

l? A 4

Fre = FRTs* FRTD i

Fle=Furs*Furp
Fne = FnTs* FnTD
(3.28)

Frro {FLto [FNTD

Frrp =Crm-8RT

FLrp=CmoLr
FnTp = CTnONT

3.2.7)

ey PRw = heg ~ (Zpyeosdeosd + ¥ pyysind—Xgyysind) PRW | Ra7pPaw ~ PRRWY | TRTD frm [BRTD ) how PRT | Fars=krmSRT
) ] _ > RT = Brim—RR7D g
e PLw T hog 2 pyeosteosd + Y yysing—X| ysind) how | Rerp = huw —hiRwy | Ruto S h R Sir | Frrs=kmmder
) R = hoy —h LT=Rrm—RLtp g =k -
__0__’ huw = Neg ~1ZNwEOsBcost ~Xyysinf) hw NTD ™ "Nw TPNRWY | RyTp Rimp SNT | FNTS kTSN
(3.14) (315
(311,23 . (3.2.2)
3
CReg | h =hpe—ICRre ! RWs | PRCRN [ h =h +h hRRWY Rrin
RCRN ~ PRG. rG! FWs » PRAWY = PRCAN * "RBMP
Pic i MeanPagmICRLG T AWs 1 PLcRN Linpwy =hican * PLame [ MLRWY Anto | St = Rrin-RnTD
cR PNCRN = PNG—~1CRy I RWg | hncrN . [ PNRWY = PNCRN * Pame | N (3.1-5)
NG 3 NG s | "NCRN NRWY
(4.1-14) (4.119)
WY T
h
NBMP
RWyy _
—_’RW hRQ = 1/2 RWy, RWg heamp
—_— {4.1-13) b gmp
PLawy | Pun = PLRwY /e N PLRGH = PLn ~ 'LAwy-*RoH [PLRGH
—_—— RGH > WY 'RG > Runway
PRRWY _ | Pan = Prawy/‘RaH | FRN o) PRRGH 7 PRN ~ TRAWY*C gy |PRRGH | Roughness
P [ " P Prmrs = Prng -- 1 ¢ P V| Table 71
NRWY NN PNRWY/VRGH L NN »| NRGHUNNTUNRWYTTRGH | NRGHL (4 1.4
(4.1.16) @117y
] 7y
Yvy ,
YrgH LRWY
]
From Data Integerize RRWY
NRWY
[ . SRT
8RT = VRTW3 * 9Rs3
From f; =V +é S
Block ’ LT= YiTws 'LSJ LT
B’ ONT = YNTW3 * Ins3 ;
{3.2:6) NT
Vtw Vitw VRTw
From Block ‘E’

DETAILED BLOCK DIAGRAM ‘A’ - NORMAL WHEEL FORCE

ANVYVANOD LAVMODMIYV TIINNOAIN

9T8%vV O



NOILVHOAMOD SVYTINOCA TITINNOAIDW

FNpAMP ENDAMP = £+ Fy
(353
F o P Fnaw-F ~F s bns 3ns Ayt dpy—d
NG3 g ® ("NGw~ npAMP T NS) o s o s »| NTOENTNS
W 356 16171
F ps| Nose Gear
N
NS Frg = PSly X Ay Load Stroke
(Fig7.1)
Fv | FuvsCullbisibes
1352}
F N
Loaue Flpame =Fip* FLv
(353)
FLD Fup - CoL bus
135 1)
Fles s Fiow FLoamr Frs) | oLs e s o s RITY a gl g
®v7)
3586)
Fis N psty | Mam Gear
Fls™PSI XAy |e Load Stroke
(Fig72)
FROAMP Fapame ~Frp * Fry
(353)
T___.‘ Fro " CpAdas  |g
(35-1)
Frga oW | 5. -—— (Frow-FRoAMP—FRs | 58S bgs frs dg - dgp-t
RS " 4 s 15 R YERT"RS
uR 6174
(3561

RS

PSig Main Gear

Load Stroke

Fgpg = PSig X Ay

{Fig 7.2)

FIGURE 1-3

N (]
98 | *raw <o
g,

R

(6.1-6)

‘Naw

Rnaw © 8TnG Naw
(6.15)

Riaw sTuctLaw
16.16)

‘raw

Rraw = 8TRc'RAW
(6.15)

DETAILED BLOCK DIAGRAM ‘B’ - STRUT DYNAMICS

Rnaw

Riaw

Rraw

From
Fixed Dats

ﬁNA

!

NAtT* Pnaws
0
RAyaz* RNAWS

(6.1-4)

N
b

From
Fixed
Data R 5

R
R

LAt Rraws
a2 " Prawe
Riaz '’ Rraws
i6.14)

o

R

From
Fixed
Data R

Rrat * Rraw

Ap =4fRaz* RRawz

Bras+ Rraws
(614

To
Block

L
P———a To Biock D

B To
\—— 9 Block
D
rseae

ANVANWOD LAVHIMNIY TIINNOAOINW

9T8%V OaW



NOIAVHOAMOD SVTINCA TTIANNOAOIOW

. From Data
Ry Qrwy
From
EOM l l
Feg Newy = Crwy ~Ceg) - CoLte | NRwy y Pog=dEOR 0sA | Peg
Q, g, Epwy | YEOR ™= MNRwy™ *Erwy™) |5 (@16 TAcR
=9 | Erwy = (Rwy ~{¢g) - CpLnF : (4.1-3) ACR g = dg g sin X
(4.1-2) (4.1-7)
T T ) 4
c c
DLTF DLNF o v . B
Wy =Tan | (Epyy/Newy) |9 g *=VRwy ~¥q |
From Data
(4.1-4) (4.1-5)
From Data \PRWY
YRwy '
l ACR| g = R (1) sinAy + R (2) cosAY | 2fio CRLG = ACRgg + ACR g ——-bCRLG
- A - i ACR - CR To
v AY =¥ —VYauwy v >l ACRRg = Rp (1) sinAy + Ry (2) cos Ay | RG_| CRRG = ACR¢q+ ACRRg RG Block
From (4.1-8) ACRNG = RN (1) sin Ay ACRNG CRNG = ACRCg + ACRNG CRNG A
EOM (4.1-9) (4.1-11) —
. AP g PLRWY
APLG = RL (2) smAd/ —_ RL (1) COSAL[/ _—_’ PLRWY = ch + APLG 5 T
_ : AP _ o
APRG = RR (2) sinAy — Ry (1) cosAy RG PRRWY = Peg * APrG RRWY Block
APNG = —RN {1) cosAY APNG PNRWY = ch + APNG PNRWY A
(4.1-10) (4.1-12) —>
(397?75643
FIGURE 14

DETAILED BLOCK DIAGRAM ‘C’' - AIRCRAFT/RUNWAY GEOMETRY

ANVAWOD AAVEODMNIV TIINNOAIN

9T8%V DN



NOILVHOSHOD SYTINOCA TTINNOAIN

From
Block

w2 PN i
VRH = VRiw: * VRTw2 7
w2 2 LTW
r Vig = Virwe Vet fe——
F—— - Fig=#pL F F =F gC 3
| {“oL R LBTHDL "LE |Fip LBMAX T TLB T LBMAX
» Dry Flood s B P F » ¢ - >
e | 1 Figure Figure | | upq Re™#oA Fae [¢ rResax *FRECT [roniay
r a r———-——q 76 78 | = 422 13.49) >
I patchy |1 |
R | l €
3 || Runway | 4 | we o |LESR tsm L el <-F
LRWY FProhlt;:s | CLRwy || e Rk } el Flytug FLe Lova = ~FLy SSK,
‘qure 7 HsL — H - RY =_
Paawy | I Crrwy e 79 | pp ) A L —25—p{ FRY "HsR Fae Frovz = ~Fay SSKg
[ | Eny THsn Fne [INY | Fava T —Fuy SSKy
2.0 14.2:31
L mamen | ‘
FRGV2
v VesiDe © VAw?2 ZAsIE_,, o u Fngv2
v ° St SR
LA Cvoo 2y [VRTOTAL ) R 2] Figue
RIOTAL RW ag tsin’ Vagioe Vatoral! » 75
v v Y] . VisiDE OE OTAL , »-
Lw Lsioe© Vw2 I IR v L 3
— AR ™ oL nSIDEVRTOTAL
trotar Viw T
(3331, LToTAL, (332 CnRwY SN
Inw Vnsioe Vnwz Tnsioe v W ) oNw N £ ViH VNTW
U2 “aw o " NSIDE'YNTOTAL gy v o] laure 2 2 %
Vnrotar Yaw ! [VnToTad PN vNw s 74 [* YnH O IYNTw t YTwg! T [
o 335) (3341
333
i To
i Block
5 Deadband Rate Position ‘B’
“RRP . P
Fie teva  FLe [[Lovs FRGvV
' SNWSCMD 383 ‘s Fram ¢ Frgva  ~Fre |F 3
/ > RE RGV3|  vector LGV
(2 ! s =i Block £ E > >
B e > Fnova  Fae ff -
F 3
"LRP NE 1423 NGV3 NGY
. v Fiqure 7 10 — - >
(Figure 3:9) Limit Limit
rFRBMAX
8K BK
PR A F
o] Fracom Agrk BKg 3000 RB
(3.4:5) 3
F --F RGV1
Frgure 310 RGV1 ™ "FRB
F < -F
(Figure 3 11) Limit LGV1 L8 .
F =0 LGV1
fFLBMAx NG
(3.4.14)
BK BK 4.23) Fngvi
PL L . 10 Fig
Flacom * Agax BKL 3000 5
i
Figure 3.10 (34 5)

FIGURE 15
DETAILED BLOCK DIAGRAM ‘D’ - FRICTION FORCES

tFigure 3-11)

Limit

ANYVAINOD J.:lVHOHjV TTINNOOIW

918%V DKW



NOIAVHOIHOD SVTINOA TTINNOAIDW

From To
Block Block
‘D" ‘B’
F E F
NGV T NG T W T T NA/C
— NG 'NGV > B'NG
(5.2 - 46) (6.1 - 2)
\ 4
E = = : = F~, to Longitudinal Acceleration X5 EOM
F F F E _F = = F G1 9 B
LGV T LG T LA/C Fg=F +FiactF og - \
B '(“Gz LGV) (B LGz) P G NA/C LA/C RA/C ——-g—b Fgo to Lateral Acceleration YB EOM
5.2-46 6.1 - 6.1-8 .
{ ) F~~ to Vertical Acceferation Zo, EOM
G3 B
A
F F F
RGV' RG'RGV | _RG B'RG RA/C .
(5.2 - 46) (6.1 -2) I
vy
R_‘N — MNA/C = ﬁ-N X ENA C Mg to Roll Acceleration p EOM
From _ . - — Y 7 Y
Block R —— Mia/c R xFac b Me™MnacMiac* Mra/c [ Mg, to Pitch Acceleration § EOM
B’ ﬁR —_ M rRa/c= R x F RA C (6.1-9) Mgg to Yaw Ac§leration i EOM
(6.1-3) -
VG From EOM
From r
EOM _ _ — —
\ \% \Y% \"
o _ - NR NRE NTW NW
L P VNR =@ xRy | — =V +V = > —
q ©=4q ViR “wxR VLR Tg Vime | MW 6 NREV 4y gTh [VLw  To
LY | LR Lw > (3L1V :35) ——» Virw=Ve* VY Re > G117 ——%  Block
s _—. = - — =S - ‘D’
—> 31-14) VRr™«* Rpw <~ > Vetw = Ve * VRRE - - [
(3.1-14) RR RRE (3.1-16) RTWl l l : VRw
To
Block
IAI GP77 7564 1
FIGURE 1-6

DETAILED BLOCK DIAGRAM 'E' WHEEL VELOCITIES AND OUTPUT

ANVAINOD LAVHOMIYV TTANNOAIW

9T8HV DA



MCDONNEILL AIRCRAFT COMPANY MDC A4816

2.0 LIST OF SYMBOLS

The symbols are presented in two sections, engineering notation and
Greek alphabet notation. The j and i subscript notation used in the report
is followed in the list of symbols. These subscripts are ignored when estab-
lishing the alphabetical order of the list. All of the terms represented by
the j or i are written in braces to the right of the symbol. However the
definitions are only written one time for the basic symbol.

F, F

is NS .

FLS

FRS
In addition, the components of a vector are written to the right of a vector
symbol enclosed in parentheses.
X (Xl’XZ’X3)
If a vector term also includes a j or i subscript index, then the components
of the general vector appear next to the symbol, with the vector terms identi-
fying the index to the far right,
F
56 ¢

o

Fie1Fi62°T563) | Fxe

LG

o]

RG
Throughout the report, a vector is denoted by a bar over the top of the symbol
(G). A dot above a symbol indicates the first derivative with respect to

time and two dots indicate the second derivative with respect to time.

MCDONNEILL DOUGILAS CORPORA TION
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2.1 ENGINEERING SYMBOL/FORTRAN NOMENCLATURE

MATH MODEL FORTRAN UNITS DESCRIPTION
SYMBOL NAME
A Subscript indicating gear attick

points at the airframe; Hypothet-

ical Axis System (Section 5.0)

ABRK ABRK in2 Effective braking area

A/C™ Abbreviation for aircraft

A/CLAT ALAT Latitude éf the aircraft

AEA | Auxiliary Euler angle for gear to

body transformation

A deg Azimuth angle in the horizontal

plane (Section 5.2.4)

B ‘ Subscript indicating aircraft
body axis system; Hypothetical
Axis System (Section 5.0)

BKj {BKL BKLBDX N/D Normalized Toe Brake Deflection
BKR BKRBDX

C : Subscript indicating Hypothetical

Axis System (Section 5.0)

CDi {CDN CMD #/in/sec Strut linear damping coefficient

DLTF FTPDLA ft/deg Conversion factor degrees lati-
tude to feet

CDLNF . FTPDLP ft/deg Conversion factor degrees longi-

tude to feet

c.g. CG YA Center of gravity
¢ Center Line
C'P {CLP PL sec Anti-skid cycling period
i ,
CRP PR

MCDONNELL DOUGLAS CORPORATION
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MATH MODEL FORTRAN UNLTS DESCRLIPTION
SYMBOL NAME
C%; CPG Cozine of the gear longitudingl
slant angle
CRjG CRNG DRCNW ft Distance from the runway
CRLG DRCLM centerline to a gear
DRCRM
“Rre
CTl { ™™ ACNT #/in/sec Tire linear damping coefficient
™ ACMT
CjT { LT TIMONL sec Fraction of anti skid cycle time
CRT TIMONR brake is on (Section 3.4)
CVj CVL CMVL #/(in/sec)2 Strut velocity squared damping
CVN CMVN coefficient
CVR CMVR
CjYC {CLYC CYCL N/D Anti-skid on/off cycle flag
RYC CYCR
ce CTH N/D Cosine of the pitch angle theta(®)
co CPH N/D Cosine of the roll angle phi (@)
Ccy CSI N/D Cosine of the yaw angle psi (y)
Cll - C33 General coefficients of a 3x3
matrix (Section 5.0)
D Down component of the local
Vertical axis system
dEOR Distance from end of the runway
reference point to the c.g.
dj dN DN ft Current strut length of the jth
dL DML strut
dR DMR
' .th
diE {dNE DNE ft Extended strut length of the j
dME DME strut

MCDONNEILL DOUGILAS CORPORATION
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MCDONNELIL AIRCRAFT COMPANY MDC A4816
MATH MODEL FORTRAN UNITS DESCRIPTION
SYMBOL NAME
dt CDT sec Differential time’ s
E East component of Local Vertical
Axis System
EOM Equations of Motion
EOR- End of the runway reference
point
E, deg Elevation angle (Section 5.2.4)
ERWY Distance East from the c.g. to
the runway longitude line.
F 1b General force
F, (F, F F )F. FN Force vector acting on\the jth
JA/C* jA/C1’ jA/C2°  jA/C37TNA/C :
. gear in the Body Axis System
Frasc TR
Frage ™
FjB FLB 1b Braking force
{ FRB
F E .
JBAVG RBAVG Braking force averaged over an
FLBAVG anti-skid cycle period
FjBCOM FLBCOM FBLCOM 1b Commanded braking force
FRBCOM FBRCOM
FjBMAX ; FLBMAX FBRMAX 1b Maximum braking force
FRBMAX - FBLMAX
FjBON FRBON Braking force applied during the
F brake~'on' portion of the anti-
LBON
- skid cycle period
FjD FND FDN 1b Strut linear damping force
3FLD FDL
FRD FDR

MCDONNELL DOUGLAS CORPORATION
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MDC A4816
MATH MODEL FORTRAN UNITS DESCRIPTION
SYMBOL NAME
F i '
FjDAMP NDAMP FDAMPN 1b Strut damping force s
; b FDAMPT,
>
FRD AMP FDAMPR
FjE FNE FNE 1b Normal force acting on the tire
; FLE . FLE at the ground
FRE FRE
FjG(chl’RjGZ’FjG3) FNG FGN 1b Force vector. in the Gear axis
ERG FGMR system
FLG FGML
FjGV(FjGVl’FjGVZ’FjGV3) ENGV Forcetgector at the tire in
ELGV the j gear velocity axis
FRGV system
FjGw FNGW 1b Force from tire acting along the
FLGW strut 9
FRGW
FjS FNS FSN 1b Strut Spring force
FRS FSL
FLS FSR
F T i i
1D NTD FTVN 1b Tire damping force
FRTD FTVR
FLTD FTVL
FjTS FNTS FIDN 1b Tire spring force
3 FLTS FIDL
FRTS FTDR
F, FVN 1b Strut velocity squared damping
jv NV
LV FVL force
RV FVR
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MCDONNELIL AIRCRAFT COMPANY

MDC A4816

MATH MODEL FORTRAN UNITS DESCRIPTION
SYMBOL NAME )
. . th
FjY FNY 1b Side force on the j wheel
FLY (Section 3.2.2)
FRY

hcg H ft Altitude of the aircraft mea-
sured at the c.g.

thMP ft Height of the roughness bump at
the wheel

JCRN HCROWN ft Height of the runway crown at
the wheel

thWY ft Total height of tzﬁ runway at the
location of the j wheel

- By HUBHL ft Altitude of the j ™ wheel hub

th HUBHN ft
th HUBHR ft

hRQ ft Height of the runway crown at
the centerline

i Subscript index to indicate terms
that differ between the nose and
main gear systems.

IjRWY Index to indicate the section of
the runway at each wheel

« (Section 4.1)

j General subscript index to indi-
cate to which particular gear a
term applies

le { ™ ARNT 1b/in  Spring constant of the tire

™
L subscript indicating left main

gear
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MCDONNELIL AIRCRAFT COMPANY

MDC A4816

MATH MODEL FORTRAN UNITS DESCRIPTION
SYMBOL NAME
2 General vector to a point
4
(Section 5.2.4)
Eﬁ Component of E.projected into
horizontal plane (Section 5.2.4)
e .th
AW Vector from the j gear attach
point to the wheel hub
_kGH ft Length of the section of rough-
ness data
LRWY ft Length of the runway
LV Local Vertical axis system indi-
cator
I& Component of z.projected into
the vertical Y-Z plane (Section
©5.2.4)
ﬁgA/C ﬁiA/C CGML ft-lbs Moment about the c.g. due to
E&A'C CGMN forces on the jth gear
_N&/
Mra/c CaMR
ﬁé GRMOM ft-1bs Total moment about the aircraft
c.g. due to all gear forces
muj USMN slugs Unsprung Mass (Section 3.0)
N (N,E,D.) Vector in Local Vertical System
with components North, East, Down
N.E.D. North, East, Down designation for
the Local Vertical axes
NRWY ft Distance North from the c.g. to
the end of runway reference poinﬁ
p P rad/sec Rate of aircraft angular rota-

tion about the aircraft Xy axis
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MCDONNELL AIRCRAFT COMPANY

" MATH MODEL

MDC A4816

FORTRAN UNITS DESCRIPTION
SYMBOL NAME
ch DRTCG - ft Distance along the runway from
the EOR point to the c.g.
PiG PMG PG deg Angle between the aircraft
: PNG station line and strut center
line
PjN The number of data sectors
between the jth wheel location
_ and the end of the runway
J- PRWY £t The location of the j ™ wheel
within a roughness sector
PjRWY PNRWY DRTNW ft Postion of the jth gear on the
PRRWY DRTRM " runway
PLRWY DRTLM
q q rad/sec  Rate of aircraft angular rota-
tion about the aircraft YA/C
axis
R Right gear indicator
r r rad/sec Rate of angular rotation about
the aircraft ZA/C axis.
RjA(RjAl’RjAZ’RjA3) ENA RNA Radius vector from c.g. to
R.R ‘ RMRA attach point
H
RLA {RMA RMLA
§5Aw(RjAWl’RjAW2’RjA3) ﬁﬁAW Radius vector from attach point
iiAw to wheel hub in body axes
RRAW
Ej (Rj(l), Rj(Z),Rj (3) Radius vector from A/C c.g.
to the jth wheel hub
RLG RLG Deg Angle the left main strut

makes with A/C buttline
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MCDONNELL AIRCRAFT COMPANY

MDC A4816

MATH MODEL FORTRAN UNITS DESCRIPTION

SYMBOL NAME

RRG deg Angle the right main strut ,
makes with A/C buttline

RjTD RNTD RTDN in Deflected radius of a tire

RLTD RTDM
- Rrrp
RiTI {RNTI RTIN in Inflated radius of a tire
RMTI RTIM

Rj Radius vector from A/C c.g. to
wheel hub

RWY Abbreviation for Runway

RWS ft Runway slope

wa ft Runway width

S Laplace transform independent
variable

SPG SPG N/D Sine of the strut angle PG

SSK Sign control term (Section 3.2)

Se STH N/D Sine of the pitch angle ©

S¢ SPH N/D Sine of the roll angle ¢

Sw SSI N/D Sine of the yaw angle y

t TIME sec Time

td Time at touchdown

ATB Transformation Matrix:Systém
B to System A

T

B"A Transformation Matrix: System
A to System B

BTG Transformation Matrix: Gear to

A/C Body
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MCDONNEILL AIRCRAFT COMPANY

MDC A4816

MATH MODEL FORTRAN UNITS DESCRIPTION
SYMBOL NAME
T
B'H Transformation Matrix Horizon-
tal plane to A/C Body .
T :
B'I Transformation Matrix Inter-
mediate System to A/C Body
T T
B ic BTLG Transformation Matrix, jth
T
B" RG gear to A/C Body
BTNG
T. T
B7jGV B LGV Transformation Matrix, jth
T
B RGV gear velocity to A/C Body
BINGv
T ,
C'A Transformation Matrix, System
A to System C
T
C'B Transformation Matrix, System
B to System C
B j0v ) " "Tth
J Transformation Matrix, j
Gear Velocity to Horizontal
T .
H'LV Transformation Matrix, Local
Vertical to Horizontal
T
I"H Transformation Matrix, Horizon-
tal to Intermediate
T
I'LG Transformation Matrix, Left
Gear to Intermediate
, AT T
jG'B NGTB Transformation Matrix, A/C
RG™B .th
LGTB Body to j Gear
T
JG'H 3 NGTH Transformation Matrix, Horizon-
LGTH .th
RGTH tal to j Gear
AT . T -
36" jov (nelnoy Transformation Matrix, j ° Gear
RG*RGV ' th
LeTLgy Velocity to j  Gear

18
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MCDONNELL AIRCRAFT COMPANY

MDC A4816
MATH MODEL FORTRAN UNITS DESCRIPTION
SYMBOL NAME .
V (V1,V2,V3) ft/sec Vector in special axis System
B (Section 5.0) ’
Vé (VGI’VGZ’VGS) VGN ft/sec A/C velocity vector in Local
Vertical System
VjR (Vle’VjRZ’VjRB) VﬁR ft/sec Velocity vector at wheel due
) 7 to A/C rotations, Body System
LR
Ven
VjRE(VjREl’VjREZ’VjREB) VNRE VNWE ft/sec Velocity vector at wheel due
VLRE VLWE to A/C rotations, LV system
VRRE VRWE
VjSIDE VNSIDE VSIDEN ft/sec Side velocity at the gear
v (Section 3.2)
LSIDE
VRSIDE
VjTOTAL VNTOTAL VTNW ft/sec Total velocity at the gear
v (Section 3.2)
RTOTAL
VLTOTAL
VjTW (VjTW1’VjTW2’VjTW3O VNTw ft/sec Total velocity vector at the
v wheel, LV system
LTW
RIW
ij (VjW1’ij2’ij3) VLw ft/sec Total velocity vector at the
7 wheel, A/C body system
RW
VNW S— -
. .
wTi (wTM,“TN) WIM 1b Unsprung Weight
WIN
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MCDONNELL AIRCRAFT COMPANY

MDC A4816

MATH MODEL FORTRAN UNITS DESCRIPTION
SYMBOL NAME
X(X1,X2,X3) Vector in hypothetical system
A (Section 5.0)
X Longitudinal component of a
general axis system (Section
5.1) '
S Component of E-along X (Section
9.2.4)
XB(XB,XB,ZB) Vector in the Aircraft Body
System
XjG(XjG’YjG’ jG) e Vector in Gear Axis System
XRe
Xye
iﬁ(XH’YH’ZH) Vector in Horizontal axis
system
XI(XI’YI’ZI) Vector in Intermediate axis
system
™ % . .th R
XjGV(XjGV’YjGV’szV) ey Vector in the j = Gear Velocity
5 axis system
XLGV
Xrev
e ft Distance from A/C c.g. to Main
gear (Figure 3-3)
X5 ft Distance from A/C c.g. to Nose

gear (Figure 3-3)

Lateral component of a general

axis system (Section 5.1)

Component of E-along Y (Section
5.2.4)
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MCDONNELIL AIRCRAFT COMPANY

MDC A4816
MATH MODEL FORTRAN UNITS DESCRIPTION
SYMBOL . NAME :
YB Lateral component of'ié ,
YjG Yo Lateral component of ch
YRG
YLG
YH h Lateral component of iﬁ
Y. Lateral component of i&
YjGV YNGV » Lateral component of iﬁGV
TRay
Trev
YLw | ft Lateral distance to left wheel

from Aircraft centerline

YRW ft Lateral distance to right wheel

from aircraft centerline

Z Down component of a general axis
system v ’
z Projection of % vector along Z

axis (Section 5.2.4)

ZB Down component of XB
ZjG ZNG : Down component of ié
ZLG
Z
RG
ZH ' Down component of iﬁ
ZI Down component of i&

MCDONNELL DOUGLAS CORPORATION
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MCDONNELL AIRCRAFT COMPANY

MDC A4816
MATH MODEL FORTRAN UNITS DESCRIPTION
SYMBOL NAME
ZjGV ZNGV Down component of X.ij ,
AZLGV
ZRGV
2 ft Distance from A/C centerline
N down to Main wheel
ZNW ft Nose wheel
ZRW ft Distance along Zg from A/C
centerline to Right wheel
Ziu ft Distance along Zg from A/C
centerline to left wheel
2,2 GREEK SYMBOLS
ACch DRCCG ft Lateral distance from runway
centerline to aircraft c.g.
ACRjG sACRNG DRCNW ft Lateral distance from aircraft
ACRRG : DRCRM c.g. to gear
ACRLG CRCIM
APjG APNG ft Distance along the runway from
AP the c.g. to the jth gear
LG ‘
APRG
Ay Difference between the Euler
vaw angle P and the heading of
the runway
8 § Deflection of the yth strut
is NS J
SLS
GRS
5 § DEFN ft Deflection of the j°° strut’
jstd [°Nstd J  stru
GRStd DEFR at touchdown
61.5¢d DEFL
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MCDONNELL AIRCRAFT COMPANY

MDC A4816

MATH MODEL FORTRAN UNITS DESCRIPTION®
SYMBOL NAME
6 i
NWSCMD STRCOM deg Commanded Nose wheel steer ng
angle
6jT GNT DELTN in Tire deflection
6LT DELTL
GRT DELTR
2] THA deg Euler pitch angle of the air-
craft
ij Braking coefficient of friction
with brake-'on'
Mip { MiD COFRBL N/D Braking coefficient of friction
¥rp COFRBR with anti—skid operating
His [ Mns COFRSN N/C Side force coefficient of
“LS COFRSL friction
Prg COFRSR_
I Summation symbol
T Components are summed into a
vector
cj % SKANGN deg Skid angle
OL SKANGL
OR SKANGR
9 STRANG deg Nose wheel steering angle
) PHI deg Euler Roll angle
Y PSI deg Euler Yaw angle
¥q Angle between Np.. and dEOR
WJW Yaw deg Angle between the velocity
Y vector at the jth wheel and the
Vrw longitudinal axis XH in the

horizontal axis system
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MCDONNELL AIRCRAFYT COMPANY

MDC A4816

MATH MODEL FORTRAN UNITS DESCRIPTION
SYMBOL NAME
Vewy ) Heading of the runway from ’
North
[
A | deg Angle between dEOR and the
: runway §
v j deg Elevation of the projected
vector —b (Figure 5-11)
ch E deg Latitude of the A/C at the c.g.
i
rRWY ‘ deg Latitude of the EOR reference
point
ch deg Longitude of the A/C at the
Cofe
QRWY deg Longitude of the EOR reference
‘ point
w (p,q,1) rad/sec Aircraft rotational velocity

vector with components p,q,r

along the XB’YB and ZB axes

respectively.
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MDC A4816
MCDONNELL AIRCRAFT COMPANY

3.0 DEVELOPMENT OF EQUATIONS

Each landing gear is considered to consist of an oleo strut and a tire

as depicted in Figure 3-1.

~ STRUT AND TIRE
FIGURE 3-1

o /T e
Fg

This system imparts a force, which is a function of the gear reactions, on the
aircraft at the gear attachment point A. To calculate these forces, both the
tire and the strut are treated as simplified spring, mass, damper systems.

The model used for the tire is shown in Figure 3-2.

%,

1
—
HUB

T R7p

T

AV VAV AVA

TIRE
SPRING~-MASS~-DAMPER

FIGURE 3-2
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The velocity at each wheel is used to determine the skid angles between
the whéels and the direction of travel. These angles are used to establish
the coefficients of braking and skidding friction between the wheel and the
runway.

3.1 AIRCRAFT AND WHEEL HEIGHT GEOMETRY

t

The geometrical relatioms of the aircraft's orientation are used to

determine the height of the hub of each wheel above the runway. Figure 3-3
depicts the gear geometry nomenclature to be used. Rma1, RMA2 and RMA3 are
the longitudinal, lateral and vertical locations of the main geaf attachment

) points as measured from the center of gravity (c.g.). Rnal, RNAz, and RNA3
are the respective measurements to the nose gear attachment points. PMg is
the angle the main gear makes with the aircraft stationline. Py is the
angle the nose gear makes with the stationline, Rjg is the angle the left
main gear makes with the aircraft buttline measured positive for gear extend-
ing outboard. Rpg (not shown) is the angle the right main gear makes with
the aircraft buttline. It is the negative of Rrg.

The wheels are located with respect to the c.g. by the distances along
the aircraft body axes. The longitudinal distance from the c.g. to the nose
wheel is Xyg. The longitudinal distance from the c.g. to the main wheels is
XMG. This value is negative as shown in the figure when the wheel is aft of
the c.g. Also, the value of Xyg may be different for the left main gear and
the right main gear when the gear struts are compressed different amounts and
the angle Pyg is not zeré. The distance from the aircraft's centerline down
to the nose wheel is Zyw. The distance down to the main wheel is Zmy. Again,
ZMy may differ for the left and right gears when they are compressed. Yrw is
the positive distance from the centerline (zero buttline) to the right main
wheel: Yy is the negative distance to the left main wheel. The nose wheel
is located on the zero buttline.

To determine the height of a wheel (actually the wheel hub) above the
ground, consider the geometry of Figure 3-4. This figure depicts the ground
plane and a parallel plane Xp-Yg through the c.g. of the aircraft. The aircraft
axis system X,Y,Z intersects the Xg-Yy plane at the c.g. The X-Y plane inter-
sects the vertical Xg-Zpy plane at an angle.e (known as the pitch angle); and
intersects the lateral Yy-Zpy plane at an angle @, known as the roll angle.

Considering the right main wheel only, the diagram depicts the projection

of each component of the wheel location along each aircraft body axis'XMG
’
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MDC A4816
MCDONNELL AIRCRAFT COMPANY

v

Ground Plane

WHEEL HEIGHT GEOMETRY

FIGURE 3-4
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YRw, Zrw into the vertical direction. The height of the wheel hub above the
ground plane is then seen to be the height of the c.g. above the ground plane

less the sum of the vertical projections.

th = hcg - (ZRw Cos ¢ Cos 6 + YRw sin @ - Xlﬂ;sin 0) - (3.1-1)
Similar relations may be developed for the left main and nose gear

th = hcg - (ZLw Cos @ Cos 6 + YLW sin @ - Xl«;s1n 9) (3.1-2)

th== hCg - (ZNw Cos @ Cos 6 = XNG sin 6) (3.1-3)

When the tire is touching the runway, the tire is compressed. The dis-
" tance between the hub of the wheel and the runway surface is called the
deflected tire radius, RjTD’ as shown in Figure 3~1. This radius is deter-
mined for each tire as the difference between the height of the wheel hub
above ground level, from the appropriate equation 3.1-1, 3.1-2 or 3.1-3, and
the height of the runway at each wheel above ground level as determined from
equation 4.1-9.

Remp = Byy - By ruy (3.1-4)

The deflection of the tire is then the difference between the tire radius when

fully inflated, Rpy, and the current tire radius.

sz = RiTI - RjTD (3.1-5)
These deflections and rates of deflection are then used to determine the
normal force between the tire and the ground FjE'

The normal force is used in conjunction with the friction coefficients
to establish forces along and perpendicular to the velocity vector at each
wheel. These three forces then comprise a force vector in an axis sysfem
oriented with the velocity at the wheel. This force vector fﬁGV is then trans-
formed into a force system aligned with and normal to the longitudinal axis
of the gear. Through the transformation jGTjGV ,

FjG = jGTjGVFjGV (3.1—6)
These force systems are shown in Figure 3-5.

For this development, the forces mormal to the strut that would result in
bending in the strut have been neglected. The force along the strut longi-
tudinal axis,.FjG3, is used in conjunction with the forces in the strut

that result from spring compression.and damping to calculate the acceleration

of the unsprung mass.
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Gear Oriented Force System fb

‘Velocity Oriented Force System Foy

Figure 3-5
’e 3
5. = ;—F (3.1-7)
J uj .

where Mygs the unsprung mass, represents the combined mass of the strut, wheel

and tire. This acceleration is then integrated to obtain the rate of com-

pression ¢
5, =8, o+ 5 ¥ at (3.1-8)

I8 I8%4q  ra I8
and the compression of the strut,
t

8., = 8. + /5. dt (3.1-9)
J J%da ta I8 -

The current strut length qjis calculated as the extended strut length,

diE,less the deflection.

dj = diE - st ’ (3.1-10)
The vector distance from the gear attach points to the wheels may be formu-—
lated as
_ o
L, = o (3.1-11)
JAW dj

The current strut length is added to the fixed distance from the center of

gravity (c.g.) to the gear attach point, iﬁA’ to establish the present value
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of the components of the radius vector from the c.g. to the wheel. The com-

ponents of ﬁﬁAw along the aircraft body axes may be determined by transforming

the vector szW from gear to body axes.

R = BT T -

RjAw B*G AW (3.1-12)
Then the radius to each wheel from the c.g. may be expressed

R = R + R o 1l=-

ij RjA RjAw (3.1-13)

The velocity at the wheel due to aircraft body rotations is calculated by the

cross product

VjR =T X ij ‘ : (3.1-14)
where w has the components, p,q and r about the aircraft X, Y and Z body axes
respectively. These velocity components are transformed to a local vertical
(North, East, Down) axis system. '

Vire T ' ViR (3.1-13)

The total velocity at the wheel is obtained by adding the velocity of the
aircraft to these rotatiomal components.

Vij = VG + VJ,RE (3.1-16)

A final transformation orients the velocity components in the horizontal plane

to the aircraft body.

ij = BTH Vij (3.1-17)
The horizontal plane components of ng are used to determine the skid angles
of the tires.

3.2 TIRE DYNAMICS

The dynamic model of the aircraft tire is developed by representing the

tire as a simple spring, mass damper system shown in Figure 3-6.

Co oA T_—T

o1
Rrr o
Aircraft Tire Dynamic Model

T Rrp

L . Figure 3-6
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The normal force placed on the tire at the ground is reacted by the forces
in the deflected spring and damper system. As previously expressed, the tire
deflection is the difference between the inflated radius of the tire R and

iTI
the current radius, RsTD, which represents the height of the hub above the

local runway level.

%51 = Ryrr ~ Rypp - (3.2-1)

Assuming the tire operates within the linear region of the spring, the spring
force in the tire is obtained from
Firs = ¥pg 851 (3.2-2)

where kTi‘iS the spring constant of the tire.

The rate of compression‘éjT of the tire is the sum of the downward components
of the downward components of two velocity.vectors. The first is Vij3, the
downward component of the total rigid aircraft velocity at the wheel from
equation 3.1-16. The second is the downward component of the compression
rate of the strut. This term is obtained by first constructing a vector in

the gear axis system with éjs of equation 3.1-8 as the third component

%58 (3.2-3)
js

o o

Ore

The downward component Qf the strut rate is then the third component djs3
formed by transforming éjs from the gear axis system to the gear velocity axis

system using the inverse of the transformation developed in Section 5.2.7.

P = .. T, -1
jGV 3G jG jGv : (3.2-4)
N T : (3.2-5)
Then djS = jGVTjG éjs .
Finally, the rate of compression of the tire may be expressed
. _ . (3.2-6)
St T Vitws t dys3
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The damping in the tire is taken to be viscous; hence the force in the

tire is given as the linear expression

FjTD = CTi 63T (3.2-7)

where CTi is the damping coefficient of the '"dashpot" damper.

The force between the tire and the ground acts normal to the ground plane and

"is equal in magnitude to the sum of the two reactive forces.of the tire

Fige = Fyrg ¥ Fypp (3.2-8)

and
FjGVB = —FjE (3.2-9)

3.3 CORNERING FORCES

Cornering forces are those forces which act on the tire‘to make it turn
or change its direction of motion. To change the direction of motion or
velocity of a tire, an acceleration, and hence a force, normal to the current
direction must be applied to the tire. This cornering force is a function of
the coefficient of cormering friction between the tire and the runway surface

and the normal force acting on the tire.
FjGVZ = —“js . FjE . 88K ‘ (3.3-1)

where “js is the coefficient of skidding or cornering friction at the wheel
and SSK is a term whose.value is 1 and whose sign is the same as the sign of

the skid angle. This insures that the calculated force opposes the skid.

3.3.1 Skid Angles.

The angle between the rolling plane of the tire and the direction of the

velocity vector in the horizontal plane is defined as the skid angle ¢ as
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shown in Figure 3-7.

Rolling Plane

Skid Angle

Figure 3-7

To calculate this angle, the velocity of the tire must be expressed in terms

of its components in and perpendicular to the rolling plame. The skid

angle o is then
v
o = sin~1 ( jsmﬁ/‘.'jTOTAL) (3.3-2)

The main gear tires are assumed to remain aligned with the aircraft body
X-axis (buttlines). The velocity component VjSIDE
of the aircraft oriented wheel velocity V}w defined in equation (3.1-17).

VisipE = Viwz (3.3-3)

The nose wheel presents a different picture however, for the rolling

is then the second component

plane of the nose wheel may be offset from the aircraft buttline by a pilot
induced nose wheel steering angle. Defining Yyy as the angle between the
velocity vector and the aircraft longitudinal axis, and og as the pilot

induced nose wheel steering angle; it is seen from Figure 3-8 that the skid

angle is

on = Y ~ % : ' (3.3-4)
where now )

Yo = sin L (VNSID%/VNTOTAL) (3.3-5)
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A X~Aircraft Buttline

Vsipe

Nosewheel Steering Angle

Figure 3-8

3.3.2 Nose Wheel Steering

The nose wheel steering angle, og, is commanded by the rudder pedals
through a nose wheel steering actuator which has a variable rate limit as a

function of side load on the turning tire.

The nose wheel steering system is represented in block diagram form as
\

-Figure 3-9,

deadpand 6NWSCMD variable actuator position
pilot rate limit dynamics limit
rudder
pedal [ / l// + u////‘ [ 3.83
i_n_out_.', 7 S /
A Y L
Nosewheel Steering System Block Diagram
FIGURE 3-9
In this figure:
deadband = t+ 0.1 inch of rudder travel
6NWSCMD = the commanded nose wheel steering angle

(See Figure 7-10)
variable rate limit = 20 deg/sec no side load
= (20 - Fy) + (.00677 deg/sec/1lb) with load

first order lag, with a time constant of
.2611 seconds ’

actuator dynamics

]

position limit + 13.5 (deg) from centerline
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Due to the mechanical locking pin, the nose wheel strut and tire are prevented

from tﬁrning until the strut has deflected a minimum of 1-1/2 inches.

3.4 BRAKING AND ANTI-SKID

The bréking system is activated by the pilot applying force on the toe
brakes. The pilot force applied was comverted to a normalized value represent- *
ing the range of no brakes to maximum braking with a dead band at zero brakes

to prevent any inadvertent braking action. This is depicted in Figure 3-10.

rl

braking input brake pressure system input

0 g 100
Brake Input Block Diagram

FIGURE 3~10

The amount of hydraulic pressure applied to the braking system is a function
of the pilot's input and whether the anti-skid system is cycling, To represent
the response of the brake pressure build up and decay, a first order lag of

the form shown in Figure 3-11 was used.

Brake Pressure Response Block Diagram

FIGURE 3-11

The anti-skid system is considered as two independent braking systems, one
acting on the left main wheel and the other acting on the right main wheel,
which provides the capability of differential braking. There is no braking
system on the nose wheel, henée, the subscript j in the following equations
of this section indicates only the left or right main wheels.

The anti-skid cycling is determined as a function of wheel velocity

and the runway condition. The anti-skid cycling period is defined by the
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equation:

Cip = 1.2 - 0.005 . V.

iTW limit (.25 to 1.2) (3.4-1)

where CjP is cycle period in seconds

Vij is velocity of wheel in ft/sec

The amount of time during the cycle period that the brakes are applied
is determined by equations:

dry runway-

CjT = 1.0 - (0.001075 . VjTW) (3.4-2)
wet, flooded, or icy runway -
CjT = 1.0 - 0.0047 . Vij if Vij.§ 85, (3.4=3)
or CjT = 0.6 - 0.002941 . (VjTW - 85.) if Vij > 85, (3.4=4)
where CjT = fraction of cycle time that brakes are on.

To determine if the anti-skid system should be cycled, the commanded

brake force is defined by:

FjBCOM = ABRK . Bl(.j . 3000, - (3.4-5)

where ABRK'iS effective braking area

BKj is the normalized toe brake input

and 3000 PSI is the maximum hydraulic brake pressure.
The force applied at the wheel could now be calculated as

FjB = ujB . FjE (3.4-6)

when the brake was 'on' and _
F = -
iB 0 (3.4-7)

when the brake was 'off' during the anti-skid cycle. These equations
require that the braking friction coefficient, ujB’ which giveé the force
when the brake is on,be available as a function of surface condition and
velocity or some other indicator of wheel speed. This type of data was not
available since most measurements of friction coefficients are obtained
from vehicle tests with the anti~skid operating. This was. the case for the

available data presented as u_ in Figures 7-6 through 7-9.

D
Consequently, in order to simulate the anti-skid operation and to use

-the available data, it was necessary to increase the magnitude of the

MCDONNELL DOUGLAS CORFPORATION
37



MCDONNELL AIRCRAFT COMPANY MDC A4816

allowable brake force during the time that the brake was 'on' in such a
manner as to insure that the total force during the cycle period was the

same as indicated by the test data. This was done by first calculating

the average force over the cycle period.
Fisave = %p°Fye A (3.4-8)
Then, dividing this average force by the fractiod of the time the brakes afe

'on' during an anti-skid cycle gives the force that must act during the brake

} 'on' time to give the average force of equation (3.4-8).

FiBon ~ FjBAVG/CjT , _ (3.4-9)
This force is the maximum force that may be permitted during the brake-'on'
cycle of the anti-skid. If the commanded braking force FjBCOM is less than the

maximum force that can be generated between the tire and the runway, then the

anti-skid would not cycle and

Fi5 = Fincon - (3.4-10) -

FjBON of equation (3.4-9) is then the limiting value placed on the braking
force of equation (3.4-10). This limit may be realized by defining an
anti-skid on/off cycle flag CjYC such that

€ivc = O vhen Fypooy > Fipon
(3.4-11)
Csv¢ = 1 Whem Fipoom < Fipon
The limiting value of FjB may then be defined as
FjBMAx = CjYC.FjBON (3.4-12)
which has a value of zero when the anti-skid brake is 'off' (C = 0),

jYcC
s | ) =
and a value of FjBON when the anti-skid brake is 'on (CjYC 1). The
braking force is then determined by placing an upper limit on equation
(304_10).
Fip = Fypcon (3.4-13)

Limited to FjBMAX

Taking the braking force to act opposite to the direction of the longitudinal

velocity then gives
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3.5 STRUT DYNAMICS

The previous sections have defined the generatioh of the components of
a force vector fﬁ aligned in a gear velocity axis system., Equation (3.1-6)
indicates the transformation of these forces to axis systems aligned with
" each gear. Neglecting the forces that would cause bending in the gear, leaves
only the component Fﬂ;3to consider in the development of the strut dynamic

relations.

SNUBBER

,\
STRUT DYNAMIC MODEL

;
Iy -~
b fl:;\\\qfs FIGURE 3-12
- /’ |

The strut dynamics may be derived by considering the strut as a spring; mass,
damper system. However, neither the spring nor the damper are considered to
be linear. The force in the spring FjS is calculated from the load-stroke
curve of Figure 7-1 for the nose strut and Figure 7-2 for the main gear struts.
The damper is assumed to have a linear viscous component Fip and a com—
ponent proportional to the square of the compression rate (velocity squared
damping) FjV- The linear damping coefficient is a constant, Cpj. The
velocity squared coefficient CVj is a function of deflection, Tables 7-2 and

7-3, and is much greater for an opening damper than it is for a closing

damper.
FjD = CDi 5js (3.5-1)
Foy = cvjlsjslajs (3.5-2)
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The total damping force is then

FjDAMP = FjD + FjV (3.5-3)
Noting that

chw = _FjGB » (3.5-4)
summing the forces acting on the unsprung mass gives

FjGw - FjDAMP - Fjs = muj ajS ' (3.5-5)

- F - F, ~F, S
or &, = jew jpAMP  js (3.5-6)

Js muj

where equation (3.5-6)>is equivalent to (3.1-7).

Two limits are placed on the above relations. First is the snubber which
limits st to positive values only. The second is a limit placed on the total
damping force FspaMp. This limit restricts the magnitude of the damping force
such that a motion reversal cannot occur until the magnitude of the force in
the spring Fjs has reached a value equal and opposite, to the ground force
F{GW- When st > 0 (compressing strut) and (FjGW - FjS) > 0, then FjDAMP
is limited to a maximum value of Fyow-Fys. When S35 < O (extending strut),

and (Fjgy-Fy5) < 0, then Fipamp is limited to a minimum value of (FjGw—FjS)-

MCDONNELL DOUGLAS CORPORATION
40



MDC A4816
MCDONNELL AIRCRAFT COMPANY

4.0 RUNWAY MODEL

. A runway model is considered to have certain roughness characteristics and
a slope from the center to the edge representing a runway crown. The runway model
also contains varying friction characteristics representing different weather cgn-
ditions. These friction characteristics are considered to either be constant over
the entire runway surface or to vary between patches of the runway.

4.1 RUNWAY CROWN AND ROUGHNESS

To establish the height of the crown or the height of the roughness bump at
each wheel, it is first necessary to locate the wheel with respect to some runway
reference point. For this development, the far end of the runway at the runway
centerline is taken as the reference point (EOR). Both the latitude (PRWY) and
longitude (QRWY) of this reference point are known quantities. At any given time,
the latitude (ch) and longitude (ch) of the aircraft's center-of-gravity are
also known quantities determined from the solution of the aircraft's equations-
of-motion (EOM); The vector components in aircraft body axes of the vector R,
which locates the jEB-wheel with respect to the aircraft's c.g. are also knowi

from equation (6.1-4) developed later.

Figure 4-1 represents the geometrical relations

rary

) Gear-Runway Geometry
/ Figure 4-1

Wheel Location
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between the aireraft's c.g. and wheel locations and the end of the runway refer-

ence point. The parameter N represents the distance North from the aircraft's

RWY
c.g. to the EOR reference point and ERWY represents the distance East from the
c.g. to the EOR. These are determined from the differences in latitude and longi-

tude respectively.

Yy = Truy ~ Teg? -+ CoLrr (4.1-1)
_ Eewy = iy ™ %e.gd® Coune (4.1-2)
where C is the constant conversion factor converting degrees latitude to

DLTF
feet, and Cpyp converts degrees longitude to feet and is a function of the

runway latitude. The direct distance from the c.g. to the EOR reference point

may then be calculated from:

1
= (N2 V) -
dEOR (N RWY + E RWY)Z (4.1-3)
and the heading of this direct distance line is given by:
¥a = tan N(E, /NG ) | (4.1-4)
ERWY RWY ¥

The position of the c.g. from the EOR along the runway centerline (ch) is then

determined by first calculating an auxilliary angle A as

A= wRWY - Wd (4.1-5)
and then using this angle to calculate '
ch = dEOR cos A (4.1-6)
The distance across the runway from the centerline to the c.g. is then
ACch = dEOR sin A | (4.1-7)

The location of the jth wheel on the runway is then determined by adding the
contributions of the location of the wheel with respect to the c.g. The cross
runway contribution is determined by first defining the angle Ay as the difference

between the runway heading wRWY and the direction the fuselage is pointing y.

My = = b (4.1-8)
Then »

ACR,

=R i 1-
56 3 (1) sin Ay + Rj (2) cos Ay (4.1-9)

where it is noted that the vector component Rj (1) is negative for both main

wheels and positive for the nose wheel. Also, Rj (2) is negative for the left
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main wheel, positive for the right main wheel and zero for the nose wheel.
The distance along the runway from the c.g.to the jth wheel is then

determined as

APjg = Rj(Z) sin Ay - Rj(l) cos Ay (4.1-10)

The cross runway distance from the runway centerline to the wheel is then the

4

sum of terms from equations (4.1-7) and (4.1-9).

CR, = ACR__ + ACR, (4.1-11)
38 cg Jg

Similarly the position of the jth wheel along the runway from the EOR point is
the sum of terms from equations (4.1-6) and (4.1-10).

PjRWY = ch + APjG (4.1-12)

The crown of the runway is assumed teo be of uniform slope RWS from the maximum
thickness at the centerline to zero thickness at the edge. Defining the width
of the runway as wa, the height of the runway at the centerline is

hrg = 3 RW.RW_ | (4.1-13)
The height of the runway due to the crown at the jth wheel location may then
be calculated as

hicry = Prq " |cR, | R ' (4.1-14)
The runway roughness profile was taken from a 2400 foot section of Travis A.F.B.
This data is presented in Table 7-1 of Section 7.0. Normally, the total runway
length to be used will be greater than the section of roughness data available.
Defining ZRGH as the length of the section of roughness data and LRWY as the
the length of the runway where

Lewy ~ *mem (4.1-15)

it is necessary to repeat the roughness pattern several times over the length of
the runway. Hence, it is necessary to determine the location of each wheel with-
in the roughness sector. This may be done by defining the number of sectors

between the wheel location and the end of the runway as

PjN = PjRWY/!Z,RGH | (4.1-16)
Then defining the integer portion of this number as IjRWY’ the position of the
wheel within the sector may be determined by

PjRGH = (PjN—IjRWY).JLRGH (4.1-17)
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The height of the runway due to roughness at each gear location, thMP’ may
then be obtained from Table 7-1 as a functional relation of PjRGH

thMP = f(P )l

jRCH (4.1-18)

TABLE 7-1
The total height of the runway surface above ground level at each wheel is then
the sum of the height of the crown from equation (4.1-14) with the height of
the bump from equation (4.1-18). ‘

thWY = hjCRN + thMP ' | (4.1-19)

“4.2 RUNWAY CONDITION PROFILES

To evaluate the ground handling characteristics of the airplane with the
four different types of runway surface conditions of dry, wet, flooded, or icy;
the program was structured such that any one of the four conditions could be
selected. In addition to the four runway conditions fixed for the entire length
of the runway, four cases of patchy runway condition profiles were available.
These profiles varied the runway conditions as a function of the distance down
the runway from the threshold. These four cases are presented in Figure 7-3.
The equations to determine the distance from the threshold for each gear are
similar to those used to determine gear position for use in the runway rough-
ness profile calculations. For the patchy runway profiles, the runway condi-
tion at each wheel may be different.

The different runway conditions influence the determination of the proper
braking and side force friction coefficient curves to use for each wheel. TFor
each of the four runway conditions, there is an associated side force coeffi-
cient curve. For the main gear there is an additional set of side force coef-
ficient curves depending on whether or not the anti-skid braking system is
cycling. . v

The main gear also have a set of braking friction coefficient curves which
are utilized depending on which of the four runway conditions exist at the
wheel. The nose gear has no braking capability.

All of these coefficient curves are a function of the wheel velocity and
the skid angle of the tire. The skid angle is defined in section 3.3.1. These
side force,lﬁs, and braking,_ujD, coefficient curves are presented in Figures
7-4 thru 7-9. These coefficients are multiplied by the normal force acting
on the wheel in question to obtain the side and aft forces due to friction

acting at the wheel.
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FjY = ujS.FjE (4.2-1)
FiB = ¥ip-FiE (4.2-2)
As shown in equations (3.2-5), (3.3-1), and (3.4-14), these relations are ’

used to establish the force vector Fj oV at each wheel. The technique for

determining the braking force FjB more exactly is described in Section 3.3 when

an anti-skid system is included.

Fij1 - FjB
Fiov = Fiova|= = Fyy + 55K, (4.2-3)
Fiovs) ~ Fie
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5.0 TRANSFORMATIONS AND AXIS SYSTEMS

Several of the force and velocity vectors must be transformed from one
axis system to another in order to utilize them properly in the LNDGR subroutine. *

Basically,the transformation of a vector from one system to another takes the

form
— T —
V=BA X - (5.0-1)
where: V is a three component vector in the new axié system Bj
_ A
V=V (5.0-2)
V3
X is a three component vector in the old axis system Aj;
— X]- '
X= X2 (5.0-3)
X3

and BTA is a 3 X 3 transformation matrix between the old system A and the new

axis system Bj;

T i1 %12 Gy
BA = Cyy Cyp Cyq (5.0-4)
Cap G35 C33

This section defines the different axis systems used in the LNDGR subroutine and
develops the basic transformations between the different systems. The matrix
subscript notation is used to reflect the reverse order of transformation:

T .
B"A transforms a vector from system A to system B;

T
A'B transforms a vector from system B to system Aj;
of course
¢ -1

P (5.0-5)

where the -1 superscript indicates the inverse of a matrix.
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This reverse order subscripting is used as a bookkeeping aid when performing
matrix multiplications to develop new transformations. In other words, a
transformation from axis system A to axis system C may be expressed

Ia = oT T4 (5.0-6)

given that the transformations from A to an intermediate system B and from B
to the desired system C are known. This indicates that a vector is firét

~ transformed from system A to system B by BTA; the vector in system B is then
transformed to system C by CTB. .
5.1 AXIS SYSTEM DEFINITIONS

All axis systems used are made of three orthogonal axes that follow the

right hand rotation rules demonstrated in Figure 5-1.

Y

Right Hand Rotation
Figure 5-1

Z
5.1.1 Local Vertical Axis System

The Local Vertical (LV) axis system is defined by locaﬁing an axis down
along the gravity vector toward the center of the Earth. The other two axes
are located in a plane normal to the down axis. These two axes are oriented
such that one points North and the other East as shown in Figure 5-2. Hence,

this system is sometimes referred to as a North, East, Down (N.E.D.) system.

Local Vertical Axes
Figure 5-2
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5.1.2 Horizontal Axis System

This axis system also has one axis located down along the gravity vector

toward the center of the Earth. The other two axes are orthogonal and lie

in the horizontal plane; however, one is located along the projection of the
aircraft's longitudinal axis on the horizontal plane and the other in the
direction of the aircraft's right wing.

L

‘.l HORIZONTAL AXIS SYSTEM
] Figure 5-3

The angle between the North axis and the X axis of this system is the Euler
angle ¢y . This system is shown in Figure 5-3.

5.1.3 Adircraft Body Axis System

This system is defined with the X-axis along the fuselage center line,
positive forward. The Y-axis lies in the center plane of the aircraft, positive

in the direction of the right wing and intersects the X-axis at the center of

gravity of the aircraft. The Z-axis is then normal to the X-Y plane and positive

through the bottom of the fuselage as depicted in Figure 5-4.

BODY AXIS SYSTEM
Figure 5-4
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5.1.4 Gear Velocity Axis Systems

The GEAR velocity axis systems are defined at each wheel. As shown in
Figure 5-5, the X-axis is defined to lie along the component of the local
velocity at the wheel in the horizontal plane. The Y-axis is in the horizontadl
plane and positive to the right of the aircraft. The Z-axis is down, normal to

the horizontal plane. P

GEAR VELOCITY AXIS SYSTEM
Figure 5-5

- Component of the velocity at the
wheel in the horizontal Plane

5.1.5 Landing Gear Axis Systems

The Z~axes of the Landing Gear axis systems are defined as positive down
along the gear struts. The X and Y axes are then orthogonal to the struts with
the X axis positive forward and the Y axis positive toward the right side of

the aircraft. This system is described.pictorially in Figure 5-6.

LANDING GEAR AXIS SYSTEM
Figure 5-6
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5.2 TRANSFORMATIONS

The transform matrices used in the program are all derived by considering
single angle rotations between one system and the next. Matrix multiplication
is then used to arrive at the matrices for transforms involving more than one !

angular rotation.
5.2,1 Local Vertical to Horizontal

As depicted in the discussion of Section 5.1.2, the X-axis of the
Horizontal Axis system is o%fset from the North axis of the local vertical
"axis system by the Euler angle 3.
Nf\
q,xu

LOCAL VERTICAL TO HORIZONTAL TRANSFORMATION
Figure 5-7

Y
H
The angle ¥ is achieved by rotating the NED system about the D axis which is

also the Z axis of the horizontal system. Closing the vector triangles as
shown in Figure 5-7, the components in the horizontal system may be expressed
in terms of the components in the local vertical system as:

‘Ncos Y 4 E sin ¢

of

<
1]

-N sin Y + E cos ¢ ‘ (5.2-1)
Z.=D
Writing these expressions in Matrix form gives the transformation matrix

transforming a vector in the local vertical system in to a vector in the

horizontal system.
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XH cos ¥ sin ¢ 0 .
Yyt =|-sin ¥ cos o] . E (5.2-2)
ZH 0 0 1 D
or XH = HTLV + N (5.2-3)
where cos ¥ sin ¢ 0
gliy = [-sin¥ cos 0 (5.2-4)
0 0 1

5.2.2 Horizontal to Aircraft Body

XB
' i Y
H
Ile ,
i
: Y
B

HORIZONTAL TO AIRCRAFT BODY
TRANSFORMATION -
Figure 5-8

The transformation between the horizontal and the aircraft body axes systems
involves a combination of two single angle transformations as described in
Figure 5-8. First, a transformation is made between the horizontal system
and an intermediate system through the Eulér pitch angle 6. Then a trans=
formation is made through the Euler roll angle ¢ from the intermediate system

to the final body axis system.
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Considering first the transformation from the horizontal system to the
intermediate axes through the pitch angle 6, a rotation about the horizontal

lateral axis YH’ positive nose up gives the Euler angle 8.

‘;
—
P

+~

il

XHcos e - szin 5]

YI = YH (5. 2—5)
“ ZI = stin e + zHcos =)
0 .z
ZH 1

In transform form we have

XI = ITH . XH (5.2-6)
where
cos O 0 -sin O
T v
I'H =| o 1 0 (5.2-7)
in O 0 cos O

Next, the transformation from the intermediate axes system to the aircraft body
axis system is determined through a rotation about the intermediate longitudinal
axis XI' This rotation results in an angle @, defined as positive with “the

right wing down.

I B =%

B YI cos @ + ZI

©
<
]

sin § (5.2-8)

o5
N
1]

-Y_sin P+ Z_ cos @

B I I
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Writing the transform relation

Xﬁ = BTI . XI (5.2-9)

where from (5.2-8) the transformation is defined

1 0 0

T

B I =10 cos{ sing : (5.2-10)
0 -sinf cos@

The complete transformation from the horizontal to the body axis system may be

developed from relations (5.2-6) and 5.2-9).

X =gl 1% X, (5.2-11)
or X, - BlH X, (5.2-12)
where B'H = B'1 1'H (5.2-13)

Substituting (5.2-10) and (5.2-7) into (5.2-13 cives

1 0 0 cos © 0 . -sin®
BTH =10 cos @ sing 0 1 0
0 ~sin@ cosf sin® 0 cos®

Introducing the notation Cf = cos @ , S@ = sin, CO = cosO® and S8 = sin@
and performing the indicated matrix multiplication yields the transformation
matrix required to transform from the horizontal axis system to the aircraft

body axis system.

ce 0 -50

T

BH= |S@so co S@ce (5.2-14)
C@se -S@ Coceo
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5.2.3 Local Vertical to Aircraft Body

The transformation matrices required to transform directly from the
local vertical (NED) axis system to the aircraft body axis system are

available in the previous developments. Combining equations (5.2-3) and (5.2—12)1

gives

iﬁ = BTH'HTLV‘E. (5.2-15)
\‘or iﬁ =-BTLV N (5.2-16)
where B'LV = TR H® Lv (5.2~17)

Substituting from (5.2-4) and (5.2-14) into (5.2-17) gives

co 0 -S8 cos Y sin¢y 0
BTLv = | sgse co S6CO | |-sin y cos y O (5.2-18)
cose -s¢ coce 0 0 1
X
P |I XB E YH 4 YI
(X wS:;;j'T
| H L Y3
t P ,/’/ ¢ ‘:—- ¢
g Y

LOCAL VERTICAL TO AIRCRAFT BODY
TRANSFORMATION
Figure 5-9
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Using CY for cos Y and SY for sin ¢ and performing the matrix multiplication

gives the final three angle transformation:

cecy Ccosy -se
BTy = | (spsecy-cosy) (S¢s8Sp+ Cocy) S¢ €O
(CSBCY+ SESY) (CSOSY-S6Cy ) cé co

The angles and axes used in this transformation are shown in’Figure 5-9,

5.2.4 Gear to Aircraft Body

When a landing gear is in its normal extended position, the centerline of
the strut is not necessarily perpendicular to the waterline planes of the
aircraft. Figure 5-10 demonstrates that two angles may be used to define the
relationship between the strut centerline - which is seen from Section 5.1.5 to
be the Z-axis of the landing gear axis system - and the aircraft. The first
is the angle RLG which is the angle between the aircraft stationline (aircraft

body Y-Z plane) and the strut centerline.

STRUT ANGLE RELATIONS
Figure 5-10
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This angle is defined as positive for a forward rotation of the strut and is
applicable to both main and nose gears. The second angle is RLG which 1s the
angle between the buttline (aircraft body X-Z plane) and the strut centerline.
This angle is defined as positive for the left gear strut extending outboard
from the X~Z plane. The nose gear equivalent of this angle is zero and the

right gear angle is the negative of the left gear angle.

, With these angular definitions, the Euler angle rotational method cannot
be used directly to determine the transformations. An intermediate relation
between one of these angles and a related Euler angle must first be defined.

Consider Figﬁre 5-11.

VECTOR PROJECTION
Figure 5-11

MCDONNELL DOUGLAS CORPORATION
56



MDC A4816
MCDONNELL AIRCRAFT COMPANY

The vector % has components x,y,z along the X,Y,Z axes respectively. The vector
% also has projections Eﬁ in the X-Z plane and I; in the Y-Z plane. The compo-
nent i; makes an angle y with the Z~axis in the Y-Z plane. Trigonometric rela-

‘tions may be used to express the components in terms of each other.

lH - % cosEg
y = 2 sinEyg
z = E& cos v t5.2—20)
y = i& sin y
z Eﬁ cos AZ
x = Eﬁ sin Az

Equating the two expressions for y

y = % sin E, = I; (5.2-21)
Then from the two expressions for z

z =%, cos y = 2, cos Az

A H
- - cos Az
or 2. = 2 o e
v H  cosy (5.2-22)
and substituting for the expression for Eﬁ
2. = Z%cos E, + cos Az (5.2-23)
\' cos Y

Then putting this Zv into the y equality (5.2-21)
%sin EL =2 cos El-cos A sin vy
cos v

which reduces to

tan El = tan y cos Az (5.2-24)

Now, note that the angles Az and ER as used here are Euler type angles. The

angle y is not. However, it is also noted that the angle y may be associated with
the angle RLG in the YB—ZE plane and the angle Az may be associated with the angle
PjG in the XB—ZB plane which are used to express the angular relations between the
strut centerline and the aircraft. Hence, we may define an auxillary Euler angle

AjEA and use it to determine the transform relations between the Gear axis system
and the Aircraft Body axis system.
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Relating to equation (5.2-24)

Tan A,
J

Cos P

= Tan R
iG Y

(5.

The rotation relations for the transformation may then be developed.

MDC A4816

2-25)
Rotating

intermediate axis system,

about the Y_ axis through the angle P. to the
B X iG
I
X =
Pic B
25
YB =
ZB =
P
- - ¥
or XB = BTI XI. ZI ZB
cos PiG 0 sin PiG
where T
BI 0 1 0
~sin PiG (0] cos PiG

Then rotating about XI through

where

- YI
JEA |

HY&Y
Or
0
0 c A,
os FA
0 sin AjEA

the auxiliary angle A,

- sin A

cos A

XI cos PiG + ZI sin PiG
Yy (5.2-26)
—XI sip PiG + ZI cos PiG
(5.2-27)
(5.2-28)
JEA
I I (5.2-29)
= YjG cos %EA— ZjGSin %EA
= YJG sin AjEA+ ZjG cos AjEA
= 1T T X6 (5.2-30)
JEA (5.2-31)
JEA
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The total transform from gear to body may then be writter.

XB = BTI . ITjG . XjG = BTjG . XjG (5.2-32)

Where: cos PiG 0 sin PiG 1 o 0
'BTjG - BTI - ITjG = 0 1 0 0 cos 'AEA - sin AEA
-sin PiG 0 cos PiG 0 sin AEA cos AEA

and performing the matrix multiplication gives

cos PiG sin Pi-G sin .AjEA sin Pic cos AjEA )

0 cos AjEA -sin AjEA (5.2—33)
T,
B7iG = .

- sin PJ’.'G cos PiG sin AjEA cos PiG cos A‘JEA

Now look at expression (5.2-25), in a digital routine it is necessary to perform
the multiplication and then take the arctangent to obtain the angle AjEA for use

in the transformation expression (5.2-33).

_ -1 -
AjEA = Tan (Tan RjG co.s PiG) (5.2-34)

However, it should be noted that as long as PiG is in the neighborhood of 10°

or less, cos Pyg o .99. Hence, the Euler angle A,_, may be approximated directly

JEA
by RjG; thus saving the compute time required for the arctangent calculation.

A.jEA N Ryg when P 10° | (5.2-35)
Also, it is again noted that the angle RjG is zero for the nose gear. Hence
the transformation from nose gear to :ircraft body axis system is given by equa-
tion (5‘2'22) cos Pyo 0 sin P,
B'NG = |O 1 0
- sin P 0 cos P

NG NG (5.2-36)

The transformation from the left main gear to aircraft body axes is obtained by
i i i .2-33). The transform from the

substituting PLG for PiG and RLG for AjEA in (5 33)

right main gear to aircraft body axes is obtained by substituting RjG = - RLG

in the transform development. Using the approximation (5.2-35) with (5.2-33) and \

(5.2-37), this becomes:
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cos PRG - sin PRG sin RLG sin PRG -Ccos RLG
Blrg = | ©° cos R . sin R . (5.2-38)
sin PRG - cos PRG sin RLG cos PRG ~cos RLG

5.2.5 Gear Velocity to Horizontal

The Gear Velocity axis system is defined‘with the X-axis in the horizontal
plane and aligned with the total velocity component at the wheel as described in
section 4.1.4. The horizontal axis system is defined with its X—axis also iﬁ the
horizontal plane and aligned with the projection of the aircraft's longitudinal
axis in the horizontal plane. Defining the angle between the velocity vector

h

at the jt wheel and the projected longitudinal axis of the aircraft's body XH

as ij the transform relations may be developed.
’

Xey
(5.2-39)
YH =X ¥, =Y. iny
XH = Xy cos W Y36V sin e
ij Y. =X sin¥ + Y cosY
H Y56V W TGV IW
Y =
GV ZH ZjGV
or X, = Hiev Sjev (5.2-40)
where
s Y, -sin ¢, 07
_ [ eos Yy ¥iu AT
HT’GV— sin ¥, cos ¥ 0 (5.2-41)
J jw iW
0 o - 0
The angles WLW and WRW are equivalent to the skid angle of equation (3.3-2). The

angle Y is defined by equation (3.3-5)

NwW
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5.2.6 Horizontal To Gear

The transformations from the Horizontal axis system to the three gear axis
systems may be obtained from relations developed in Sections 5.2.2 and 5.2.4.
Denoting the transformation from the jth gear to the aircraft body axes as BTjG,
the transformation from the aircraft body to the jth gear axes is the inverse ‘

relation -1
T T

j6'B = B'jG (5.2-42)

The transformation to the jth gear from the Horizontal axis system may then be

written

jclu = je'B* B'm (5.2-43)
where BTH is determined from equation (5.2-14), and equations (5.2-33), (5.2-38),
and (5.2-36) are used in expression (5.2-42) to obtain T, and T_ respectively.

MG™B NGB
To illustrate, the transformation NGTB is obtained from (5.2-36) in (5.2-42) as
cos PNG 0 _Sln_PNG
T, _
NG'B = 0 1 0 (5.2-44)
sin PNG 0 cos PNG

and it is noted that for transformation matrices involving Euler angles, the
inverse is simply the transpose obtained by interchanging rows and columns.

Equations (5.2-44) with (5.2-14) into (5.2—43) then yields the desired transfor-
mation NGTH.

¢ - C -cos -sin P Co C¢
cos B CO sin ENG g Se sin %\IGSQ) co PNG se =-sin - [}
T
NG'H =|s¢ se co sp Ce
sin PNGCG + cos PNGC¢ se - cos PNGS¢ -sin PNGSG + cos PNGCG co

Similar relations may be developed for LGTH and RGTH.
5.2.7 Gear Velocity to Gear

The transformation jGTHGVis obtained directly from the relations developed
in Sections 5.2.5 and 5.2.6. The transformation from the jth Gear velocity axis
system to the jth gear axis system may be written

j6tiev = 36TH T HYjev (5.2-46)
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Where H?jGV is used from expression (5.2-41) and jGTH is used from relation
(5.2-43) for the corresponding jth gear.
5.2.8 Gear Velocity to Aircraft Body

The relations from Sections 5.2.4 are used with the relations from Section
5.2.7 to obtain the transform relation from the Gear Velocity axis system to the !
Aircraft's body axis system. Again, for the jEh gear the transform may be exéress—
ed:

BTjGV = BY4G  jGLiGv (5.2-47)
where jGTjGV is obtained from (5.2-46) and BTjG is obtained from (5.2-33),
“(5.2—38) or (5.2-36) for the appropriate left, right or nose gear.
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6.0 GEAR MODEL OUTPUT AND INPUT REQUIREMENTS

The output information from the gear model is the total forces and moments
acting on the aircraft center of gravity as a result of the landing gear
reactions.

The input information required to use the model to calculate this output
takes two forms; continuously changing information which is the‘result of the
aircraft's dynamic motion, and static data that describe the physical character=
istics of the aircraft-gear-runway system.

6.1 AGEAR MODEL OUTPUT

The results of the gear mathematical model are the forces and moments
applied at the aircraft center of gravity by the combined landing gear system.
Figure 3-5 shows the force system acting on the jth tire. Obtaining the compo-
nents of the force vector acting on the tire from equations '(3,4,14), (3.3=1) and

(3.2-4), the force vector F

j6v may be formulated as:

Fin1

Fiv3
This vector is expressed in the jt’:h gear velocity axis system. The transforma-

tion to the aircraft body axes is obtained from relation (4.2-46).
7 I . F
$A/C"B 3G -V T iGV (6.1-2)

This vector is now in the desired axis system. However, it is acting at the
jth wheel and not at the center of gravity of the aircraft. A force acting at
the wheel is equivalent to a force acting at the center of gravity plus the
moment about the center of gravity due to the force at the wheel. This moment
may be calculated by taking the vector cross product of the radius vector from

the center of gravity to the wheel into the force vector.
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MjA/C=Rj + Foac (6.1-3)
Fa/c
;A/C = My/c

Force Equival-nce MNiagram
FIGURE 6-1

The vector §3 from the c.g. of the aircraft to the gear hub has components in
the aircraft body axis system. This vector is determined at any instant of
time by defining it as the sum of two vectors.

Ry = Ria ¥ Ry (6.1-4)

where iﬁA is the radius vector to the gear attach point which is a fixed quan~

tity, and §3AW is the vector from the gear attach point to the wheel hub. iﬁAw
is determined at any instant of time by transforming a vector from the gear

attach point to the wheel in the gear axis system, into the aircraft body

& aw
axis system.

(6.1-5)

where BzﬁG is determined from the appropriate expression (5.2-33), (5.2-36) or
(5.2-38), depending on the gear and simplifications involved.
In the gear axis system, the vector-z,

JAW
strut along the gear Z axis from the attach point to the hub.

is the instantaneous length of the
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0

jaw "~ ) © (6.1-6)
dj

:°

This length is determined by subtracting the strut deflectionGjS from the
tended length d
extended leng iE

dj=d -6 6.1~
37 %E 7 s (6.1-7)

The total force and moment acting at the aircraft's center of gravity as
a result of gear action are obtained by vector summing the results of equations
(6.1-2) and (6.1-3) over the three gears. Replacing the j with L for left gear,

R for right gear and N for nose gear, these expressions are:

F, =F. +F

= (6.1-8)
¢ = Frasc * Frajc * Frasc

tj
]

=

. _ _ (6.1-9) -
¢ = Muazc * Mrase  Myayc |

These are the forces and moments that must be summed with the aerodynamic and

propulsion forces and moments acting on the vehicle to determine the dynamic
behavior of the aircraft.

6.2 Dynamic Input Information

This information changes continuously as the aircraft performs its dynamic
motion in response to the forces acting on the aircraft. Items that must be
included are:

o Aircraft translational velocities in local veftical'(N.E.D.) coordinateé

Ve)s

o Aircraft pitch (8), roll (¢) and yaw (y) attitude angles;

o Aircraft position over the Earth, latitude and longitude;

o Ailrcraft altitude; hcg

o Aircraft rotational velocities in body axes, (p,q,r).
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- The aircraft translational and rotational velocities aré used to determine
the velocitles at the wheels as in equation (3.1-16). The aircraft attitudes
are used with the altitude to determine the height of each wheel hub above the
runway. In addition, the attitudes establish the transformations between the
local vertical, the horizontal and the aircraft body axis systems, Finally,
the aircraft position is used to determine the relative location along the

runway and the lateral position on the runway as discussed in Section 4.1.
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7.0 DATA ' MDC ALB16

7.1 FIXED DATA
MATH FORTRAN

NAME SYMBOL VALUE

ARy ABRK 5.0 In°

gTM ACMT 50.01b/In/Sec
™ ACNT 50.0 1b /In/Sec
Krm AKMT 9030.0 11/In
g'I'N AKNT 17300.0 14/In
DM CMD 200.0 1¢/In/Sec
Con CND 500.0 1Y/ In/Sec
gME DME 7.125 ft

NE DNE 6.975 ft
Dymarre DXMALE 5.778 ft
DywaLE DXNALE 37.189 ft
RMLAL RMLA(1) 8.728 rt
RMLA2 RMLA(2) ~9.104 ft
RMLA3 RMLA(3) 1.60 ft

RMRAL RMRA(1) 8.728 ft
RMRA2 RMRA(2) 9.104 ft
RMRA3 RMRA(3) 1.60 ft

RNAL RNA(1) 40.139 ft
RNA2 RNA(2) 0.0 ft

RNA3 RNA(3) - 1.59 ft

Ry - RTIM 20.10 In

Rrry RTIN 12.74 In
SFBUMP SFBUMP 2.0 N/D
§FCROWN SFCROWN 1.0 N/D

M WTM 900.0 1b

TN WTN 276.0 1b

7.2 DYNAMIC DATA

The tables and figures in this section represent data that change
with the dynamic condition of the aircraft. These data were included
in the McAir computer program as table look up functiions of the
respective independent variables.

MCDONNELL DOUGLAS CORPORATION
67



89
T-L 3¥NOT14

i

.M‘OFFQNQOA&“OO SYTO9NOAa TTIINNOAIOW

w

&3L3nt70

AW W

H L1 e

ANVAINOD LAVMHINIV TTINNOQIM



69
¢—L 3AN914

NOILVHOJdHOD SVTI9N0a TTIANNOAIOW

I

Sidd YIV LNYLS MOCOHS

L

Ol X DI8d NI Zuns

€~

e

Slans vopd

Eaiot s

b
i J
f m

o
HiHH

OIS SRR

gt abay:

M. i

9T8%V JaW ANVAWOD LAVHINIV TTIINNOQAIW

~

H#3.3m 77

‘v S M N 3GV A



TABLE 7-1
"RUNWAY PROFILE DATA

TOCDONNELL AIRCRAFT COMPANY
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BUMP

HEIGHT

BUMP

HEIGHT

BUMP

HEIGHT

RUNWAY

RUNWAY

RUNWAY

(feet)

(in)

(in) (feet)

(feet)

(in)
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MDC A4816

RUNWAY PROFILE DATA

RUNWAY
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(in)

O OCOOOC OO ~—OCCCCOT P IT~OCOOODPO 0 ~oOOCOOR I~ OCoOCCOPlT—DOOTOCTOO0
P OOCOCOCOO T CCOCOCOOCST I TOOCOCOOOIT OO0 OOl I CCoOOTCOrIICCTOOOCOro0
COCOCOCOCOC I COORCOSOC OO0 COOOCOllICoOCOCOOT oo CoOOORT000CoOOTOCOO0
186 86 68 8600 00 50 50 G0 G B ET LSS P 0SS OE L SLS NSO NS P RS S SN EN P LESO6EE LI EEES OGS S
INOANIFODONIUNINOTNT COCNT OO0 =M OB OSNIT VBV —~MNDTSAIT OCO—MNNONTI LLCONTINI0 — T LOONT O —
OSSP LC O LU LD TP COTDC O vt =t e AN MMMM T I 2 I NNNNIUN O L D O LIS ST T 000 O
"OD 0L OO OO OOE OO0 OP PP PP P PP P P P s I P B P P P P P s P P P P P P P I P P s P P P S T P P P P P P P N P O

ISINOM IO OMOM T O BMOOINNOMUND O M-0O0 NI 0 AN OMNGD —F LT =TI OM OO NN INMO T N NNC BT S
ISOVOVVCS = LODDOMNMM SAINIO O NMIM O P = N O Mt e P O T NG NN OTFT OO O MO NS T INNNMUNN m S I NG O 3 T
OO C OO OOt NINANNNINI-OCOOOC OO SO =NNIN—AINININIMIMI I T IMMAUININA SO i = UM TN ONCC OO C O
!9 8 00 006 5000000008508 0000 0000000000 0EE0 0L 00 NS GSEOEsELSERS LIS EEELE ST

COCCCOOOOCOOOCOTCOTCOOORO OO0 OCODCRCROCOCOOOTOTOROCOODOOTOCTSOD vttt
1809 [ ] T BRI BOLRIL RO ] ] st BB RERNRBOEL NN

o"‘ﬂccooooooo‘a"“ooccocoO‘O‘Oﬁooooooo‘oo‘o“‘OOOOOOOO‘O‘O‘@“‘OOOOOOO‘O‘O’Oﬁooocooo‘oo‘
! 625800002005 0C0 0660000000606 5 0000000600800 0056°0606006000660606c60606080606s60606s0666aed
I DNVSANI DL ~MNOOAITOXT MU CAT ODOAMUNO AT COSNT OO M LT ONT OWCUT —=MING S AT GO ety
;mﬂmma:a::ammmmcoooonnnm»mwwmmoooooooooo«ﬁﬁﬁﬁﬁmmmmmmmmmmananmmmmmoocc
WNNNNDNNN NN INDNNIN NN NN DN D NN IN D NN O -C 000 00 000 O OB-L 000 0OL 0 L0 LOCOLOLOOL

I AUNNDVCMOL IO MNT — IO ANE ~MOC AT TOMODNINAIOMT O OO TN — O™ T v DU NS T AT CM e TN S
NOMUNT £ DT RN DO C AN INIIG T U0 et O F TN et T OUMS T L DU o=t =t L 0 M ot P 00 C G T MM s 0 S QG O o P
ONLOL O L 000 OONNNTUNT ITMMMUAAININUIN vt ot bt et et S D S D DD D O vt 7= O AU MU oot O VG O O\ 7t 1t o ot s AN OGN MY A A 9t O\ oot
ARSI I I R R R I I N R S I R A A A I R R R R N I I

’ EO RN BB EN S EBINIERBERNIOIIMOIDNTRYLDY

IO‘O‘F'OOOOOOOO‘O‘O’-'OQOOOOO‘O*0‘0—'—-0000000‘O‘OQ*OOOOOOO‘O‘O‘O‘-'OOOC'OOO‘O*O‘O‘-—‘OOOOOOOO‘O‘
lO*O*COCOOOOO‘O‘O*O‘OOOCOOOO‘O‘O‘OOOOOOOOGO‘O‘O‘O‘OOOCOOCO‘O‘O‘O‘OOOOOCOO‘O‘O’O‘OOCOOOOOO‘-O
’0O‘COOOOOCO‘O‘O‘O‘OOGOOOC0.0‘O‘OOOOOOOOOOGO‘O‘OOOOOOCO‘O‘O‘O‘OOOOOOOO‘O‘O“O‘OOOOOOOOO‘O‘
O0.00-O.”_..000...‘.0...0...0.'....OO'.'O.Q....O‘...Oc...co.l.....‘..oc
}-.n.-scN:r-owommmhoN:rcmcm:rmho-—a:ococm:tomo-‘r'\mcoom:rowc—ammv\om:rcmcmr’%mhom:rooocmzrcc\o
‘o O‘OOOOO—O-—'-—:—-—‘-—‘NNNNMMMMMMQ:1QQmu\mmmmOOOOFNBNNCDG@‘D@O‘O‘O‘OO‘OOOOOOﬂ-—t—O-ﬂNNNNNN
Mmzr::_::ra::::r:t:r:::t:t:r:r::::r::a:::r:r:r::r:r:ra:r:ra:v:r:r:v:r:r::r'::r:t:r:::aaqmmmmmmmmmmmmmmmm

:cha—-Oh:-—-oomocommoo:tﬂmorﬂocommomoo—or'\ocomav\ommcnomomamom:homcm—-:n\ommhorhom-
‘ouﬂomooomomowm:momnmmoo««sm«qummmﬁwmoommhoomwowmmnmw:mo«ooMoomommmn
immmmmm--m—aw—~—~«-—-mmmmmmm-—--—«-occo—«-—ommmm:mm::r:.rc:ram:rmmmoonoommm::::mmmm:rmmom
0‘.......0........'.O..G............O.."..-..‘..‘..0......-0...0.00.
P OO oSO oo OO0 000CCOCO0CO0COCO0ONCRCCCCOCOCOCOOOCOOOCOCOOOEOEGCC OGO
LA R N N A R R

MCDONNELL DOUGIAS CORPORATION

71



TABLE 7-1 (CONTINUED)

SDONNELL AIRCRAFT COMPANY

MDC A4816

RUNWAY PROFILE DATA
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TABLE 7-1 (CONTINUED)

MDC A4816

RUNWAY PROFILE DATA
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TABLE 7-1 (CONTINUED)

MDC A4816

RUNWAY PROFILE DATA
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TABLE 7-1 (CONTINUED)

MDC A4816
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WCDONNELL AIRCRAFT COMPANY

TABIE 7-2
NOSE STRUT VELOCITY SQUARED DAMPING COEFFICIFNTS MDC A4816
Strut Compression (IN) Coefficient
0.0 0.109
0.49 0.668
8.37 1.742 + 10.6
(strut extending)

12.75 5.671
15.15 8.310

TABIE 7-3

MAIN STRUT VELOCITY SQUARED DAMPING COEFFICIENTS

Strut Compression (IN)

Coefficient

0.0

6.0

12.0

17.0

2.50
3.21
+ 93.7
14.98 (strut extending)

42.73

MCDONNELL DOUGLAS CORPO RATION
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DISTANCE CASE 1 CASE #2 CASE #3 CASE #4 .
FROM RUNWAY
THRESHOLD, LMG NG RMG LMG NG RMG LMG NG RMG LMG NG RMG
FT
0 - 500 DRY DRY DRY DRY DRY DRY WET WET WET WET WET WET
501 - 1000 DRY DRY DRY DRY DRY DRY WET WET WET WET WET WET
1001 — 1500 DRY DRY DRY DRY DRY DRY WET WET WET WET WET WET
1501 — 2000 DRY DRY DRY DRY DRY DRY _ WET WET WET WET WET WET
2001 - 2500 DRY DRY DRY DRY DRY DRY WET WET WET WET WET WET
2501 ~ 3000 DRY " DRY DRY DRY DRY DRY WET WET WET WET WET WET
3001 - 3500 DRY DRY DRY DRY DRY DRY WET WET WET WET WET WET
3501 - 4000 DRY DRY DRY DRY DRY DRY WET | WET WET WET WET WET
4001 - 4500 WET WET WET WET WET DRY _ |FLOODED | FLOODED | FLOODED |FLOODED | WET WET
4501 - 5000 DRY DRY DRY DRY DRY DRY WET WET WET WET WET ICE
5001 - 5050 WET WET WET WET DRY DRY _ |FLOODED | FLOODED | FLOODED | ICE ICE WET
5051 — 5100 DRY DRY DRY WET DRY WET WET WET WET WET WET FLOODED
5101 - 5150 WET WET WET FLOODED | WET WET __ |FLOODED | FLOODED | FLOODED | 1ICE ICE WET
5151 - 5200 DRY DRY DRY FLOODED | WET WET WET WET WET WET WET FLOODED
5201 - 5250 WET WET WET WET WET WET DRY DRY DRY  |FLOODED | WET WET
5251 — 5300 | FLOODED | FLOODED | FLOODED DRY DRY DRY _ |FLOODED | FLOODED | FLOODED | WET WET ICE
5301 - 5350 WET WET WET DRY DRY DRY WET WET WET iCE ICE WET
5351 — 5400 DRY DRY DRY WET DRY DRY _ |FLOODED | FLOODED | FLOODED | WET WET FLOODED
5401 - 5450 DRY DRY DRY WET WET WET WET WET - WET 1CE ICE WET
5451 — 5500 DRY DRY DRY FLOODED | WET WET DRY DRY DRY WET WET FLOODED
5501 - 5600 WET WET WET WET DRY WET WET | WET WET _ |FLOODED | WEI WET
5601 - 5700 DRY DRY DRY WET DRY WET _ |FLOODED | FLOODED | FLOODED | WET WET FLOODED
5701 - 5800 WET " WET WET FLOODED | WET WET WET WET WET _ |FLOODED | WET WET
5801 - 5900 DRY DRY DRY FLOODED | WET WET DRY DRY DRY WET WET FLOODED
5901 - 6000 WET WET WET FLOODED | FLOODED | FLOODED| WET WET WET _ |FLOODED | WET WET
6001 — 6500 DRY DRY DRY WET WET WET _ |FLOODED | FLOODED | FLOODED| WET WET FLOODED
6501 - 7000 WET WET WET WET WET WET WET WET WET _ |FLOODED | WET WET
[7001 = 7500 | FLOODED | FLOODED | FLOODED DRY DRY DRY DRY DRY DRY WET WET FLOODED
7501 - 8000 WET WET WET WET DRY DRY WET WET WET |FLOODED | WET _ WET
8001 - 8500 DRY DRY DRY DRY DRY | DRY  |FLOODED | FLOODED | FLOUDED| WET WET FLOODED
8501 - 9000 WET WET WET WET WET WET WET WET WET ~ |FLOODED | WET WET
9001 - 9500 DRY DRY DRY DRY DRY DRY WET WET WET WET WET FLOODED
9501 - 10000 | WET WET WET WET DRY DRY WET WET WET _ |FLOODED | WET WET
TOUCHDOWN-DRY TOUCHDOWN-DRY TOUCHDOWN-WET TOUCHDOWN~WET
SYMMETRIC UNSYMMETRIC SYMMETRIC UNSYMMETRIC

LMG - LEFT MAIN GEAR NG - NOSE GEAR

RMG - RIGHT MAIN GEAR

FIGURE. 7-3.
PATCHY RUNWAY CONDITION PROFILES
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FIGURE 7-5
DC-9 MAIN TIRE CORNERING COEFFICIENT
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MDC A4816

12 14 16 18 20

10
Main Tire Skid Angle

deg

FIGURE 7-Y

DC-9 MAIN TIRE CORNERING/BRAKING COEFFICIENT - ICY RUNWAY



MCDONNELL AIRCRAFT COMPANY ’ MDC A4816
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DC-9 STEERING RATIO
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